Background: As the evolution of miRNA genes has been found to be one of the important factors in formation of the modern type of man, we performed a comparative analysis of the evolution of miRNA genes in two archaic hominines, Homo sapiens neanderthalensis and Homo sapiens denisova, and elucidated the expression of their target mRNAs in bain.
Results: A comparative analysis of the genomes of primates, including species in the genus Homo, identified a group of miRNA genes having fixed substitutions with important implications for the evolution of Homo sapiens neanderthalensis and Homo sapiens denisova. The mRNAs targeted by miRNAs with mutations specific for Homo sapiens denisova exhibited enhanced expression during postnatal brain development in modern humans. By contrast, the expression of mRNAs targeted by miRNAs bearing variations specific for Homo sapiens neanderthalensis was shown to be enhanced in prenatal brain development.
Conclusions:
Our results highlight the importance of changes in miRNA gene sequences in the course of Homo sapiens denisova and Homo sapiens neanderthalensis evolution. The genetic alterations of miRNAs regulating the spatiotemporal expression of multiple genes in the prenatal and postnatal brain may contribute to the progressive evolution of brain function, which is consistent with the observations of fine technical and typological properties of tools and decorative items reported from archaeological Denisovan sites. The data also suggest that differential spatial-temporal regulation of gene products promoted by the subspecies-specific mutations in the miRNA genes might have occurred in the brains of Homo sapiens denisova and Homo sapiens neanderthalensis, potentially contributing to the cultural differences between these two archaic hominines.
Background
Early in the 21 st century, fossils of an ancient man who lived 50-45 thousand years (ky) ago were found in the Denisova cave in the Altai mountains [1] . The Homo sapiens denisova (H. s. d.) nuclear genome was first sequenced in 2010 [2] and then re-sequenced in 2012 [3] . The Homo sapiens neanderthalensis (H. s. n.) nuclear genome was first sequenced in 2010 [4] and for a second time in 2014 [5] . A comparative analysis of the archaic hominine (H. s. d., H. s. n.) and Homo sapiens sapiens (H. s. s.) genomes assessed the genetic contribution of H. s. d. and H. s. n to the genetic and biological profile of the modern H. s. s. populations [6] . It was shown that the H. s. n. lineage is a sister lineage to H. s. d. [2] . The population split of Neanderthals and Denisovans from modern humans was estimated to have occurred 550-765 ky ago and the split time of Neanderthals and Denisovans 380-473 ky ago [5] . Considering that the evolution of miRNA genes could be one of the key factors in the formation of the modern type of man [7] [8] [9] [10] , we analyzed the evolution of miRNA genes in H. s. n. and H. s. d. and the expression of their target mRNAs. Using improved versions of the H. s. d. and H. s. n. genomes, we performed computer-assisted comparisons of the H. s. n., H. s. d. and H. s. s. genomes to reveal the structural and functional organization of microRNAs (miRNAs) as well as the mRNAs targeted by these miRNAs. In both the Neanderthal and Denisovan genomes, we found miRNA genes with fixed substitutions in mature miRNAs and multiple substitutions in pre-miRNA regions involved in pre-miRNA processing.
Our analysis of spatiotemporal gene expression in human tissues demonstrated that the miRNAs bearing new genetic variants fixed in the Denisovan genome regulated target mRNAs with the highest levels of expression in the postnatal human brain.
Results and discussion
To identify miRNA genes that evolved divergently in the genus Homo, we first used the map and pre-miRNA gene sequence data for 1595 experimentally confirmed H. s. s. miRNAs from the miRBase database rel. 19 [11] . We selected the H. s. d. and H. s. n. pre-miRNAs with highly confident sequences that are orthologous to H. s. s. pre-miRNAs. Using the selection procedure described in the Methods section (Selection of miRNA genes in H. s. d. and H. s. n. with no match in H. s. s.), we identified 1298 H. s. d. and 1329 H. s. n. pre-miRNAs perfectly matched to H. s. s. pre-miRNA gene sequences. In addition, we identified and selected for further study 106 H. s. d. and 102 H. s. n. diverged genes for pre-miRNA sequences, which were different from H. s. s. pre-miRNA genes by at least a single nucleotide. The other 191 H. s. d. and 164 H. s. n. pre-miRNAs did not pass quality sequence control in the selection procedure Further, we explored the alignment of the genomes of six primates available in Ensembl rel. 69 [12] . Each of the selected H. s. d. and H. s. n. pre-miRNA genes non-identical to H. s. s. orthologs had at least one ortholog in another primate. This result indicated that these pre-miRNA coding genes were present in the genome of the common ancestor of H. s. s., H. s. d. and H. s. n. long before the evolutionary split between these hominines. In following up this analysis, we confirmed the existence of orthologs for all selected H. s. d. and H. s. n. miRNA genes except one H. s. d. miRNA gene.
Next, we analyzed all substitutions found in the archaic hominine miRNA genes selected as described above. First, we excluded a few doubtful nucleotide substitutions observed in the sequencing data for the pre-miRNA genes of H. s. d. and H. s. n. (see Methods section). Then, we mapped the remaining genetic variants found in the pre-miRNA genes of H. s. d. and H. s. n. onto the secondary structures of the corresponding pre-miRNAs in H. s. s. available at the miRBase rel. 19 [11] . We selected the H. s. d. and H. s. n. pre-miRNAs with (i) nucleotide substitutions (deletions, insertions) in the regions corresponding to the sequences of mature miRNAs (and/or miRNAs*) responsible for binding to target mRNAs or (ii) multiple (two or more) densely spaced substitutions within a pre-miRNA region involved in pre-miRNA processing. From these pre-miRNA groups, we excluded the pre-miRNAs that occur in the H. s. s. genome in more than one copy. The aim of this exclusion was to select pre-miRNAs with unique functions. The selection yielded H. s. d. and H. s. n. pre-miRNAs with nucleotide substitutions that might contribute to significant functional differences from the H. s. s. pre-miRNAs.
The functional annotation of the diverged pre-miRNA genes in archaic hominines was performed as follows. First, we selected the miRNAs expressed in the central nervous system (CNS) using the miRGator 3.0 [13] and ChIP-seq data for H3K4me3 (histone H3 trimethyl K4) modified histones marking active promoters in primate cortical neurons [14] . Second, the potential target mRNAs of these central nervous system (CNS)-active miRNAs were identified using data from miRGator 3.0 [13] . miRGator 3.0 contains experimental miRNA/ target-mRNAs co-expression data obtained under various conditions. Therefore, we extracted from miRGator 3.0 genes with co-expression correlation coefficient with miRNA r≤-0.9 [13] . We used the co-expression evidence to identify putative interactions between miRNAs and their target mRNAs instead of the CLIP-seq experiments results because the latter technology requires cell lysis, which facilitates the interaction of components that are usually segregated by cellular compartments [15] , and many miRNA/mRNAs interactions identified by CLIPseq are non-canonical, which in turn does not mediate repression [16] . However, co-expression data indicate pathways (not genes) targeted by miRNA but do not allow the identification of direct miRNA/mRNA interactions. The latter has a side advantage because, in this approach, we selected against target genes with limited effect on tissue functioning [17] . Third, to identify the human brain structures (topologically different brain regions) showing increased levels of the target mRNAs (henceforth referred to as the target brain structures), we performed a randomization test using the Human Allen Brain Atlas [18] and the BrainSpan Atlas [19] . We employed the randomization test for this purpose because the standard analytic annotation enrichment techniques are inapplicable for miRNA functional enrichment analysis [20] .
The characteristics of the nucleotide substitutions in each of the CNS-active pre-miRNA genes diverged in Denisovan and Neanderthal are shown in Tables 1 and 2 . The minority of miRNAs with polymorphisms in the seed region is not sufficient to claim that the general capacity of these miRNA pools have altered binding specificity to target mRNAs. This result allowed us to use the third and fourth pools as a control to compare the target specificities with miRNA bearing fixed variants specific for H. s. n. and H. s. d.
Next, we searched for the brain regions and CNS development stage showing the most abundant expression of mRNAs targeted by the miRNAs that diverged in archaic hominines (see Methods section). For this purpose, we used data in (1) the BrainSpan Exon microarray (BrainSpan) [19] and (2) the Allen Human Brain Atlas as updated March 7, 2013 (AHBA) [18] .
The results of the analysis of BrainSpan data [19] demonstrated that mRNAs targeted by miRNAs bearing fixed mutations specific for H. s. d. are enriched in the postnatal stage of brain development, whereas mRNAs targeted by miRNAs bearing fixed mutations specific for H. s. n. are most abundant in the prenatal brain ( Figure 1 ). In contrast, no development stage-dependent expression was found for mRNAs targeted by miRNAs matched to polymorphic variants in H. s. s. (Figure 2 ). Thus, we can anticipate the differential effect of genetic variations found in archaic hominines on brain function and development in Denisovans and Neanderthals. The effects are not likely to be due to bias in the number of mRNA targets. The number of targeted genes is similar between miRNAs bearing fixed mutations specific for H. s. n. and H. s. d.
(Ensembl gene IDs): 1260 target genes for H. s. n. and 1547 for H. s. d. (excluding targets of hsa-mir-671-3p miRNA that possess specific variants common for H. s. d. and H. s. n.). In addition, the number of targeted genes is similar between H. s. n. and H. s. d. miRNAs matched to polymorphic variants in H. s. s. (Ensembl gene IDs): 4072 Table 2 . Homo sapiens neanderthalensis miRNAs that differ from Homo sapiens sapiens miRNAs (Continued)
* bold -expression in the central neural system (MiRGator 3.0 data [13] and data from [14] ) ** bold -location in mature miRNA, {} -common between H. s. d. and for H. s. n., italic -location in canonical seed (nucleotides 2-7) region, based on [40] target genes for H. s. n. and 3653 for H. s. d. It is interesting that the highest expression of transcripts targeted by miRNAs with polymorphisms unique for H. s. d. is confined to the broad thalamus regions and the prefrontal cortex ( Figure 3 ). Nevertheless, there are multiple forebrain regions known to be important for speech that exhibit higher expression of miRNA targets from the set with polymorphisms unique for H. s. d. (Figure 3 ): the inferiolateral temporal cortex, medial and ventrolateral prefrontal cortex. It is of interest that the thalamus plays a significant role in the shaping of the human languageready brain [21] .
In contrast, when we consider miRNAs of ancient humans expressed in the central nervous system and having variants shared with known human polymorphisms, the picture changes drastically ( Figure 4 ): all brain Table 2 ) than for H. s. d. (14, see Table 1 ). Considering common miRNAs sharing human polymorphisms in these organisms (10 miRNAs), the specific numbers are 4 and 8, respectively (351 H. s. d.-specific targets versus 972 H. s. n.-specific targets (Ensembl gene IDs)). Given that the largest number of gene targets was found for the polymorphic hsamir-149 (5p) miRNA (Table 3) in H. s. n., this difference between the two hominine subspecies can be attributed to this particular miRNA.
The fine target structures identified using AHBA data for gene expression in the left hemisphere of the brain [18] are presented in Tables 4 and 5 . For identification of the fine target brain structures, we used the difference in regulatory potential between the H. s. d. and H. s. n. samples ( Table 4 , 5) as a marker (see Methods section). Importantly (Table 4) , the difference between the target structures of unique H. s. d. and H. s. n. miR-NAs expressed in the central nervous system tissues is not significant (effect size measured as the absolute value of difference between Cohen's d statistics<0.5) for all fine brain structures except two: the fusiform gyrus for H. s. d. miRNAs and the precentral gyrus for H. s. n.
miRNAs. The picture obtained based on the target mRNAs for miRNAs expressed in the central nervous system tissues with known human polymorphisms (Table 4) is the same (compare Table 4 and 5): for the vast majority of fine brain structures, the difference between targeting by H. s. d. and H. s. n. is not significant, except for two thalamus structures and the lateral orbital gyrus, targeted by H. s. d. miRNAs. It is important that the fusiform and lateral orbital gyri are responsible for face perception and socialization, respectively [22, 23] . Taken together, these findings indicate an important role of unique H. s. d. miRNAs in the development of specific brain structures in Denisovans, which likely enabled them to reach an unparalleled level of craftsmanship [1] .
In addition to the identification of target brain structures for H. s. d. and H. s. n. miRNA activity, we found highly enriched functional categories of target gene annotations. We used the DAVID 6.7 functional annotation system [24] and the SP_PIR_KEYWORDS data class, with genes expressed in the human brain as background (16767 genes from BrainSpan). The results of the functional enrichment test are shown in Table 6 . The most important difference between the target genes for unique H. s. d. and H. s. n. miRNAs expressed in the central nervous system tissues is the transport category enriched in target genes of H. s. d. miRNAs. Similar observations can be made considering miRNAs expressed in central nervous system tissues with substitutions shared with known human polymorphisms: "functional response" categories (such as activator, transcription regulation, synapse) enriched in target genes of H. s. d. and the developmental category enriched in target genes of such H. s. n. miRNAs. It would be reasonable to speculate that that the evolutionary changes in miRNA-transregulators might contribute to alterations in functional activities in specific brain regions in Denisovans, whereas in Neanderthals, the mutations in miR-NAs could promote alterations in brain development and structure.
Conclusions
In this work, we identified miRNA genes of archaic humans bearing sequence variations in comparison with the modern human genome sequence: 29 genes for H. s. d. and 31 genes for H. s. n. Almost one-third of those genes contain variations specific for archaic humans (11 genes for H. s. d. and 9 for H. s. n.). The analysis of human gene expression data resulted in 9 H. s. d. and 5 H. s. n. genes with specific archaic variations and the expression of their human orthologs in the central nervous system.
The detailed analysis of the human brain gene expression data demonstrated that the brain regions with the most abundant expression of mRNAs targeted by the H. s. d. miRNAs with fixed mutations are confined to the thalamus and the prefrontal cortex (especially the fusiform gyrus), no large brain regions are targeted by H. s. n. miRNAs with specific mutations. The only small brain regions targeted by H. s. n. miRNAs with such mutations are the superior lateral aspect and the central sulcus of the precentral gyrus.
We identified differences in gene expression pattern during human brain development for the targets of human orthologs for the selected miRNAs. Targets for miRNA genes with mutations specific for H. s. d. were expressed predominantly in the later prenatal and early postnatal development stages. Targets for miRNAs with mutations specific for H. s. n. were expressed predominantly in early prenatal brain development stages. These results may reflect a potential association between the changes in the Denisovan miRNA genes reported in this study and the brain development of H. s. d., which likely allowed them to reach their high level of craftsmanship. [3] . To ensure that only the best-sequenced H. s. d. and H. s. n. pre-miR-NAs would remain, we used filtering methods.
(I) The consensus sequences of H. s. d. and H. s. n. pre-miRNAs were combined from reads with a quality of mapping onto H. s. s. pre-miRNA genes not less than 15 [3] .
(II) The consensus sequences of H. s. d. and H. s. n. pre-miRNAs included only those read nucleotides (a) for which the Phred sequence quality [25] was not less than 30 [2] and (b) that were located in the middle part of the reads: the first and last three read nucleotides were discarded according to [3] .
(III) Any position in the consensus with coverage of less than 5 was assumed to be undetermined [3] .
(IV) The consensus sequences of H. s. d. and H. s. n. pre-miRNAs with undetermined positions were discarded.
(V) The consensus sequences of H. s. d. and H. s. n. pre-miRNAs that (a) had nucleotide substitutions that H. s. s. lacked and (b) were combined from reads mapped onto the human genome with a quality of less than 30 were discarded [2, 3] . (VI) If there were two or more polymorphic states at a consensus position in H. s. d. and H. s. n. pre-miRNAs, only those alternative states that (a) had comparable frequencies (the difference between the frequencies would not exceed 1.3) and (b) passed filtering stages I-V were considered.
(VII) Additionally, we manually analyzed all mapped reads of selected H. s. d. and H. s. n. pre-miRNAs for the presence of PCR artifacts. We did not find any PCR artifacts in the positions of selected H. s. d. and H. s. n. pre-miRNAs.
To select pre-miRNA coding genes that were present in the genome of the common ancestor of H. s. s., H. s. d. and H. s. n. we analyzed the multiple genome alignment of six primates from Ensembl rel. 69 [12] . The minimum length of any ortholog (excluding unreadable and polymorphic nucleotides) was considered to be not less than 70% of the length of the corresponding H. s. s. pre-miRNA.
We mapped all the nucleotide substitutions found by comparing the pre-miRNA orthologs in the H. s. s./H. s. d. and H. s. s./H. s. n. pairs onto the secondary structures of the corresponding pre-miRNAs in H. s. s. contained in the miRBase database rel. 19 [11] .
We selected H. s. d. and H. s. n. pre-miRNA genes with (i) nucleotide substitutions (deletions, insertions) in the regions corresponding to the sequences of mature miRNAs (and/or miRNAs * ) or (ii) multiple substitutions within a region not larger than 1/20 of the pre-miRNA length. In the first case (i), the altered mature miRNAs are of special interest because they change the pattern of complementary interactions between miRNAs and their target mRNAs in H. s. d. or H. s. n. and make it different from H. s. s. In the second case (ii), the probability of observing multiple changes within a small region of H. s. d. or H. s. n. pre-miRNA by random chance is extremely low. For instance, the estimate of the total number of differences between H. s. d. and H. s. s. is approximately 1,650,000 [3] . Under the assumption of a uniform distribution of mutation fixation events in a 6400 bp long sequence (1/20 of the length of 1600 pre-miRNA genes, each gene being approximately 80 bp in length), the estimate of the probability of two mutations being fixed simultaneously is less than 0.002. Table 6 Annotation enrichment of genes targeted by H. s. d. and H. s. n. miRNAs expressed in neural tissues, based on DAVID 6.7 [24] ; BrainSpan gene list (16767 genes expressed in human brain) used as a background.
SP_PIR_KEYWORDS category * # of genes Corrected p-value
Bonferroni Benjamini To ensure that the mutations in our selection of miR-NAs were not DNA sequencing errors, we analyzed the frequencies of all polymorphic consensuses of H. s. d. and H. s. n. DNA (see steps V and VI of the filtering protocol), considering their tetranucleotide context. Thus, we used data in the UCSC Genome Browser phy-loP46way to select evolutionarily conserved regions of the human genome (phyloP conservation score > 0.1; regions were ≥7 bp in length, which eventually totaled 454775413 positions or~15% of the human genome). The occurrence of the polymorphic variants of the consensuses in the H. s. d. and H. s. n. genomes was then assessed considering their tetranucleotide context. We selected pre-miRNAs with mutations that either do not occur in the 454,775,413-strong selection of evolutionary conservative positions analyzed (p ≤ 2·10 -9 ) or are single occurrences (p = 2·10 -9 ).
To ensure that the mutations in the set of selected miRNAs were not a result of PCR amplification in DNA sequencing (see step VII of the filtering protocol), we performed a manual analysis of H. s. d. and H. s. n. short reads alignment on a reference H. s. s. genome (hg19). We found no traces of the PCR amplification of short reads in miRNA genome positions: any single read in these positions started and stopped at unique genome locations.
Using the blastn program in BLAST 2.2.26+ [26] on the pre-miRNAs containing substitutions/polymorphisms in mature miRNAs at the last filtering stage, we discarded pre-miRNAs that occurred in more than one copy in the H. s. s. genome (E-value cut-off: 1·10 -6 ; blastn default settings). For each orthologous H. s. s. miRNA, we identified the genes encoding its target mRNAs. This identification was performed using miRGator 3.0 [13] (we used only those target mRNAs whose expression correlated with microRNA expression with r<-0.9) and the ChIP-seq data for H3K4me3 histones marking active promoters in primate cortical neurons [14] . We used the ID converter from bioDBnet [27] to convert the HUGO name list of target mRNA IDs (from miRGator 3.0 prediction) into a list of Ensembl gene IDs and a list of Refseq IDs.
For functional annotation of the mRNAs targeted by the selected miRNAs, we chose two independent sources of experimental data that contained the most complete quantitative information on mRNA expression in human central nervous system tissues. One of these sources was BrainSpan [19] (Exon microarray, 16767 genes), which integrates normalized quantitative data on gene expression provided by expression time series experiments in broad brain regions. The other source of data was the Allen Human Brain Atlas, as updated March 2013 [18] (20791 genes), which contains normalized quantitative data on the expression of mRNAs in tiny brain regions. The expression of these mRNAs was analyzed in six brains: H0351.1009, H0351.1012, H0351.1015, H0351.1016, H0351.2001 and H0351.2002. If the microarray contained more than one probe for measuring the expression of the same mRNA, then only the probe producing the maximum value that significantly differed from background values was taken for analysis. In addition, to improve the robustness of our results, we used only data that were consistent for at least 4 out of 6 brains.
Identification of tissues with increased levels of mRNA expression regulated by the pool of miRNAs
In our work, we are interested in the tissues and brain structures most likely affected by the pool of miRNAs with structural changes between ancient and modern humans. Unfortunately, the data on miRNA expression in the vast majority of human tissues and brain structures are currently incomplete both because the number of functional miRNAs is incomplete [30] and because of the number of functional miRNA/target-mRNA interactions under ongoing debates regarding the usage of various factors in miRNA/target-mRNA binding [31, 32] . Therefore, we used an indirect approach to identify tissues subject to dynamical changes in miRNA expression. Because miRNAs are negative post-transcriptional regulators of gene expression, we suppose that changes in their expression levels will largely affect the tissues with high abundance of their mRNA targets. Based on this assumption, likely candidate tissues are the ones with high expression of the target mRNAs for the set of miRNAs under consideration. To express quantitatively the degree of posttranscriptional regulation by specific miRNAs in different tissues, we introduced the miRNAs' regulatory potential.
Let W(k) denote the set of human mRNAs expressed in the k-th tissue and targeted by all known human miRNAs. It should be noted that the overwhelming majority of genes in the human genome (~20000) [33] can be targeted by various miRNAs [13, 30, 34] . Therefore, the set of all genes in the genome is a good approximation of the miRNA targetome. Thus, we approximated W(k) as the set of all human mRNAs expressed in the k-th tissue. W(k Q ) denotes the subset of target mRNAs regulated in the k-th tissue by the miRNA pool, Q, and J(k Q ) denotes the size of this subset.
The regulatory potential, L Q k , exerted by the miRNA pool, Q, on mRNAs with expression in the k-th tissue was estimated using the following formula:
Here, E k j is the level of expression of the j-th target mRNA in the subset W(k Q ) in the k-th tissue, and E k j values were obtained using data from BrainSpan [18] or AHBA [19] . The L Q k value obtained in this manner corresponds to the number of mRNA molecules that can be regulated in the k-th tissue (or brain structure) by mature miRNAs in the pool Q and characterizes its post-transcriptional regulatory potential in that tissue.
In search of the tissues targeted by the miRNAs from the pool Q, we selected the ones with the highest regulatory potential L Q k in comparison with the background level of expression of all miRNA targets expressed in the k-th tissue, W(k). To estimate the significance of the difference between the pool's Q regulatory potential and the background, we used a resampling test (see Figure 5 ).
First, we performed random sampling without replacement of J(k Q )/2 mRNAs from the set W(k Q ) of human mRNAs targeted by miRNAs in the pool Q (the W (k Qrand ) subset). For the W(k Qrand ) subset, we calculated L Q krand using Formula (1). The sampling procedure was repeated 10 5 times. We estimated the mean and standard deviation of the L Q krand values. The selection of half the number of mRNAs in the W(k Q ) subset allowed us to account for uncertainties in miRNA annotation (for example, the possibility that the miRNA dataset under consideration is incomplete and has incomplete annotation of target mRNAs).
Second, we performed sampling of mRNAs from the background distribution, using the W(k) set of all miRNA targets expressed in the k-th tissue. For this purpose, we selected J(k Q )/2 mRNAs from the W(k) randomly without replacement. We termed this subset W (k rand ). We calculated
as the estimate of the background miRNA regulatory potential; here, E k j is the expression level of the j-th target mRNA in the subset W(k rand ). This procedure was repeated 10 5 times and allowed us to estimate the mean and standard deviation of L krand .
We calculated the difference between the L krand and L Q krand value distributions using Cohen's d statistic (effect size value) [35, 36] . The p-value of L krand ≥ L Q krand was calculated using Student's t-statistic. The difference between the L krand and L Q krand value distributions was considered significant at p-value less or equal to 0.01, implying that the k-th tissue was targeted by the miR-NAs from the pool Q. It is important to note that the data resampling approach described above does not rely on distributional assumptions and simultaneously allowed us to control Type I error, and corrects for any hidden data correlation [37] [38] [39] . Therefore, we did not need to perform multiple testing corrections (e.g., Bonferroni correction) of the significance level [36] [37] [38] [39] and therefore could use the selected p-value threshold directly.
